It is well known that mammalian sperm acquires fertilization ability after several maturation processes, particularly within the female reproductive tract. In a previous study, we found that both glycosylphosphatidylinositol (GPI)-anchored protein (GPI-AP) release and lipid raft movement occur during the sperm maturation process. In several genetic studies, release of GPI-AP is a crucial step for sperm fertilization ability in the mouse. Here, we show that lipid raft movement is also fundamental for sperm to be competent for fertilization by comparing the sperm maturation process of two mouse inbred strains, C57BL/6 and BALB/c. We found that ganglioside GM1 movement was exclusively reduced in BALB/c compared with C57BL/6 among other examined sperm maturation parameters, such as GPI-AP release, sperm migration to the oviduct, cholesterol efflux, protein tyrosine phosphorylation and acrosome reaction, and was strongly linked to sperm fertility phenotype. The relationship between GM1 movement and in vitro fertilization ability was confirmed in other mouse strains, suggesting that lipid raft movement is one of the important steps for completing the sperm maturation process.
Introduction
Mammalian sperm acquires various membrane modifications in the male and female reproductive tracts (Yanagimachi 2009; Ikawa et al. 2010) . The first important step in this physiological process is capacitation, which starts in the female reproductive tract (Smith & Yanagimachi 1990 ). During capacitation, it is well known that membrane cholesterol is depleted, followed by a protein tyrosine phosphorylation reaction (Davis 1981; Visconti et al. 1995 Visconti et al. , 1999 Travis & Kopf 2002; Bailey 2010) . We have previously found that an innate immune factor, lipocalin 2, binds to sperm membranes and facilitates capacitation via a protein kinase A-dependent manner (Watanabe et al. 2014) ; however, other capacitation mechanisms remain to be clarified. Multiple biological processes seem to be associated with the lipid raft (Mishra & Joshi 2007) . A number of sperm membrane proteins are components of the lipid raft and some are direct sperm zona pellucida (ZP) binding factors (Nixon et al. 2008) . The acrosome reaction (AR) is the next important step (Wassarman & Litscher 2001 , 2008 Clark & Dell 2006; Suarez 2008) . The acrosome is a Golgi-derived structure located in the apical region of the sperm head. It consists of a continuous membrane, called the inner and outer acrosome membrane. During the AR, the outer acrosomal membrane and plasma membrane fuse, producing hybrid membrane vesicles, followed by inner acrosomal membrane exposure and release of acrosomal ingredients. The AR starts when sperm migrate among cumulus cells or bind to the ZP (Jin et al. 2011) . AR-completed sperm can exclusively penetrate the ZP and fuse with the egg.
The ganglioside GM1 is a characteristic component and signature biomarker of lipid rafts. Previous studies showed that it dynamically moves when sperm membrane cholesterol is depleted with methyl-b-cyclodextrin (M-b-CD) (Buttke et al. 2006; Selvaraj et al. 2007; Takeo et al. 2008) . The glycosylphosphatidylinositol (GPI)-anchored proteins (GPI-APs) are well-known components of lipid rafts (Varma & Mayor 1998) . To monitor the fates of GPI-AP in vivo, we developed GPI-anchored enhanced green fluorescent protein (EGFP-GPI) and investigated its localization and dynamics in various tissues (Kondoh et al. 1999) . Other studies have shown that the release of GPI-APs from the sperm membrane is crucial for male fertility (Kondoh et al. 2005; Ueda et al. 2007; Fujihara et al. 2013) . We have also found that M-b-CD triggers both release of GPI-APs and GM1 movement. Moreover, M-b-CD can induce the AR (Watanabe & Kondoh 2011) .
On comparing various parameters of sperm fertility, such as GPI-AP release, GM1 movement, sperm migration to the oviduct, cholesterol efflux from the sperm membrane, protein tyrosine phosphorylation, acrosome reaction and in vitro and in vivo fertility, on the most popular inbred mouse strains, C57BL/6 and BALB/c, which show different fertility but close genetic distance (Li et al. 2004) , the GM1 movement was exclusively different between these strains and strongly linked to their sperm fertility. In several genetic studies, release of GPI-AP was determined to be a crucial step for sperm fertilization ability in mice (Kondoh et al. 2005; Fujihara & Ikawa 2016) . Here, we found that lipid raft movement is also fundamental for sperm to be competent for fertilization.
Results and discussion
Release of GPI-AP and lipid raft movement
In the previous study, we found that M-b-CD triggers both the release of EGFP-GPI and GM1 movement in the sperm of the C57BL/6 mouse strain (Watanabe & Kondoh 2011 and Fig. S1 in Supporting Information). Here, we examined these parameters in the genetic background of BALB/c, another major mouse inbred strain. We serially backcrossed an EGFP-GPI transgenic mouse line with BALB/c more than 15 times and established a congenic BALB/c transgenic mouse line. Immature sperm were collected from the epididymis and incubated in HTF-PVA medium supplemented with M-b-CD for up to 120 min. Samples were spread on cover glasses, fixed with methanol, stained with fluorescencelabeled cholera toxin B fragment and then observed under a fluorescent microscope. As shown in Figs 1 Figure 1 Fate of GM1 and EGFP-GPI upon M-b-CD treatment in C57BL/6 and BALB/c transgenic sperm. GM1 location relative to EGFP-GPI shedding. Expression patterns of EGFP-GPI in the transgenic sperm heads are displayed in the upper panels. GM1 was localized by staining with AlexaFluor 594-conjugated CTB (middle panels) and the patterns were designated. The lower panels represent the phase-contrast views.
Genes to Cells (2017) 22, 493-500 and 2A, the release of EGFP-GPI was comparable in these two strains, whereas GM1 movement was apparently reduced in BALB/c (Figs 1,2B ). Then, we examined the fates of EGFP-GPI and GM1 in vivo. Male transgenic mice were mated with wildtype females of another strain (CD-1) and sperm were collected from oviducts after 14-16 h postcoitus. As sperm undergoing capacitation could only migrate to the oviduct, first, we counted the number of sperm in the oviduct. The average number of sperm collected from one female was comparable between the two strains (C57BL/6, 12 AE 9 sperm/ female, n = 5; BALB/c, 8.5 AE 6.9 sperm/female, n = 7; Student's t-test, P = 0.505275), indicating that the migration ability of transgenic sperm is similar. Although the release of EGFP-GPI was also comparable between the two transgenic strains, GM1 movement was more than four times less in BALB/c (Fig. 2C,D) .
These observations indicate that the release of GPI-AP is similar but lipid raft movement is different between C57BL/6 and BALB/c mouse inbred strains.
Sperm fertility
The average number of pups per partum is different between C57BL/6 and BALB/c (C57BL/6, 9.0 pups/parturition; BALB/c, 7.2 pups/parturition). Thus, we compared the sperm fertility of C57BL/6 and BALB/c transgenic mice. Sperm were collected from the epididymis and incubated in HTF-PVA medium supplemented with M-b-CD for up to 120 min to facilitate sperm maturation. Sperm were then inseminated with ova collected from CD-1 females, and the number of two-cell embryos was counted the next day (see Experimental Procedures). As shown in Fig. 2E , BALB/c transgenic sperm exhibit less than half of the fertilization ability of C57BL/6 transgenic sperm. To compare the fertility of these transgenic sperm directly, sperm derived from two strains were mixed together in various ratios for in vitro fertilization (IVF) and all embryos obtained were transplanted to pseudo-pregnant females. As CD-1 ova are albino coat-colored, pups derived from BALB/c (albino) sperm become albino but from C57BL/6 (black) are coat-colored (black or agouti). When equal amounts of sperm were mixed together in IVF, only 23.2% of pups were derived from BALB/c. Moreover, nine times more BALB/c sperm were required to obtain an equal number of offspring (Fig. 2F) .
These results indicate that BALB/c sperm is less competent for fertilization than C57BL/6. To confirm the relationship between GM1 movement and sperm fertilization ability, we compared these two parameters among four inbred strains: C57BL/6, BALB/c, DBA/2 and C3H, all of which are common laboratory mouse strains. DBA/2 and C3H sperm lipid rafts have already moved and these sperm showed significant fertility without M-b-CD treatment (Fig. 3A,B and Fig. S5 in Supporting Information). We also drew a scatter plot and calculated the correlation coefficient, showing close relationship between these two parameters (Fig. 3C) . Moreover, this relationship was examined in individual outbred CD-1 males, showing valuable fertilization ability, exhibiting closer relationship between these parameters (Fig. 3D) . Therefore, these results strongly suggest that lipid raft movement is one of the important steps to determine sperm competency for fertilization.
Other parameters
Finally, we examined other sperm maturation parameters between C57BL/6 and BALB/c transgenic strains, such as cholesterol efflux (Fig. S2 in Supporting Information), protein tyrosine phosphorylation ( Fig. S3 in Supporting Information) or the acrosome reaction ( Fig. S4 in Supporting Information), but found no significant differences.
Although in the previous studies, release of GPI-AP was found to be crucial for sperm fertilization ability (Kondoh et al. 2005; Ueda et al. 2007; Fujihara et al. 2013) , we observed significant EGFP-GPI release from the sperm membrane of BALB/c transgenic mice, suggesting that GPI-AP release is essential for sperm fertility but not sufficient and it also occurs independently from GM1 movement. Thus, we defined in this study that lipid raft movement is one of the fundamental steps for sperm fertilization ability. It was reported that sperm which undergo acrosome reaction before ZP binding are more likely to fertilize successfully (Jin et al. 2011) . Thus, acrosome-reacted sperm in the oviduct might be favorable for fertilization in vivo. The number of such sperm is diminished in Lcn2-knockout oviduct, which leads to the low fertility (Watanabe et al. 2014) . Noting these observations, lipid raft movement should also occur in a favorable moment, but delayed in the BALB/c sperm. As acrosome reaction in the BALB/c sperm seemed comparable with the C57BL/6 sperm ( Fig. S4 in Supporting Information), it could be proposed that GPI-AP release, lipid raft movement and acrosome reaction occur independently but are required in a favorable time for sperm to complete maturation process.
Experimental procedures

Development of EGFP-GPI transgenic mice and animal maintenance
The EGFP-GPI transgenic mouse line of C57BL/6 genetic background was developed as described previously (Watanabe & Kondoh 2011) . Transgenic lines were maintained by mating with the isogenic background. Transgenic founders were obtained by PCR screening of siblings using tail DNA as a template and primers, 5 0 -TTCTTCAAGGACGACGGCAAC TACAAGACC-3 0 and 5 0 -GTCACGAACTCCAGCAGGAC CATGTGATCG-3 0 , or examining tail green fluorescence. To establish a congenic BALB/c transgenic mouse line, we serially backcrossed EGFP-GPI transgenic mice with BALB/c more than 15 times. All animal experiments were approved by the Animal Experiment Committees of the Institute for Frontier Medical Sciences and Kyoto University.
Sperm collection, incubation, GM1 staining and observation
We used the human tubular fluid (HTF)-based medium (101.61 mM NaCl, 4.69 mM KCl, 0.2 mM MgSO 4 , 0.4 mM KH 2 PO 4 , 6.42 mM CaCl 2 , 25 mM NaHCO 3 , 2.77 mM glucose, 3.4 lg/mL sodium lactate, 0.34 mM sodium pyruvate, 0.2 mM penicillin G sodium salt, 0.03 mM streptomycin and 0.4 lL of 0.5% phenol red) supplemented with 1 mg/mL polyvinyl alcohol (PVA) (Sigma, St Louis, MO, USA) (HTF-PVA) for sperm incubation and in vitro fertilization. To induce in vitro fertility, 0.45 mM methyl-b-cyclodextrin (Sigma) was added to the HTF-PVA (HTF-PVA-M-b-CD). Sperm from the cauda epididymis were incubated in HTF-PVA or HTF-PVA-M-b-CD for the indicated times. More than 90% of sperm were motile even after 2 h of incubation. After incubation, 10 mM EDTA was added to the samples and they were placed on ice to stop further reaction and sperm swimming. As sperm began to swim after warming up again to 37°C, cooling treatment here seemed not to be harmful for them. Then, sperm samples were spread on the cover glasses, air-dried and fixed with methanol. All samples were observed under a fluorescent microscope with a GFP-specific filter system (Olympus, Tokyo, Japan). To visualize GM1, AlexaFluor 594-conjugated cholera toxin subunit B (CTB; Molecular Probes, Eugene, OR, USA) was added at the same time and observed under a fluorescent microscope with a redspecific filter system. To observe the state of EGFP-GPI and GM1 in vivo, ejaculated sperm were collected from the oviducts by flushing with HTF-PVA after 14-16 h postcoitus. More than 90% of sperm were motile in the oviducts. All samples were treated and observed as described above.
In vitro fertilization
Adult CD-1 females (more than 10 weeks old) were superovulated by injecting them with 6.7 IU of pregnant mare serum gonadotropin (Teikoku Zoki) followed by 48 h later with 6.7 IU of human chorionic gonadotropin (Teikoku Zoki).
Ovulated eggs surrounded by a cumulus mass were collected from the oviducts 16 h after the second injection. Eggs with cumuli were incubated in 300 lL of HTF-PVA and overlaid with mineral oil. Sperm from the cauda epididymis were preincubated in 200 lL of HTF-PVA or HTF-PVA-M-b-CD for 2 h and then added to the egg drop at a final concentration of approximately 1.0 9 10 5 sperm/mL. Sperm morphology was examined under phase-contrast view of the fluorescent microscope. More than 95% of sperm appeared normal in C57BL/6, whereas almost 80% appeared normal in BALB/c. The number of normal sperm was adjusted in the following in vitro fertilization experiments. Eggs were washed with modified Whitten's medium (mWM; 109.51 mM NaCl, 4.78 mM KCl, 1.19 mM MgSO 4 , 1.19 mM KH 2 PO 4, 22.62 mM NaHCO 3 , 5.55 mM glucose, 1.49 mM calcium lactate, 0.23 mM sodium pyruvate, 19.1 lg/mL EDTA, 10 lM b-mercaptoethanol, 0.2 mM penicillin G sodium salt, 0.03 mM streptomycin, 3 mg/mL BSA and 0.2 lL of 0.5% phenol red) after 7 h of contact with sperm, and then incubated in fresh mWM for another 16 h. To quantify fertilization, the total number of unfertilized eggs and two-cell embryos, and the number of two-cell embryos in a population were determined to generate the percentage fertilization value: [(%) fertilization = (number of two-cell embryos/total number of unfertilized eggs and two-cell embryos) 9 100]. Values are mean AE SD.
Measurement of sperm membrane cholesterol
Sperm from the cauda epididymis were incubated in 1 mL of HTF-PVA or HTF-PVA-M-b-CD for 120 min and then Sperm from C57BL/6 or BALB/c transgenic mice were incubated in HTF-M-b-CD for 120 min, mixed together in the indicated ratios and then inseminated with CD-1 oocytes, as described in the Experimental Procedures. Fertilized eggs were transplanted to pseudo-pregnant females and (%) albino pups are indicated. More than four independent experiments were performed for each mixture. Number of pups examined: BALB/c : C57BL/6 = 1 : 1, n = 69; BALB/c : C57BL/6 = 4 : 1, n = 46; BALB/c : C57BL/6 = 9 : 1, n = 72. *P < 0.005. stained with filipin complex (Sigma) as described previously (Takeo et al. 2008) . The amount of cholesterol in the sperm membrane was quantified using a fluorescence-activated cell sorter (FACS).
Immunoblotting of tyrosine-phosphorylated proteins
About 2.5 9 10 5 sperm incubated in HTF-PVA or HTF-PVA-M-b-CD for 120 min were boiled in 25 lL of SDS-PAGE sample buffer and then subjected to SDS-PAGE. Gel-separated samples were electrophoretically transferred onto a nitrocellulose membrane. The membranes carrying the sperm sample were probed with a mixture of 4G10 Platinum anti-phosphotyrosine (Millipore, Darmstadt, Germany) and PY20 anti-phosphotyrosine (Invitrogen, Carlsbad, CA, USA) antibodies. Antibody binding was detected and visualized using the ECL Plus system (GE Healthcare Biosciences, Uppsala, Sweden). Immunoblotting of Izumo1 was also performed for blotting control.
Immunostaining of Izumo1 to detect acrosome reaction
Sperm were fixed with methanol, incubated with a rat monoclonal antibody against mouse Izumo1 (Inoue et al. 2005; Satouh et al. 2012 ) and then visualized with AlexaFluor 594-conjugated rabbit anti-rat IgG (Molecular Probes). All sperm were observed under a fluorescent microscope (Olympus). Figure 3 Relationship between GM1 movement and in vitro fertility of mouse strains. (A) GM1 movement of indicated mouse strain sperm in vitro. Sperm were cultured in HTF-PVA for 120 min, as shown in Fig. 2 . Results from three independent experiments were accumulated. (%) entire head sperm is indicated. Number of sperm examined: C57BL/6, n = 196; BALB/c, n = 181; DBA/2, n = 194; C3H, n = 227. *P < 0.05. (B) In vitro fertility of the four strains. Sperm collected from the epididymis were incubated in HTF-PVA for 120 min and then used to inseminate CD-1 oocytes in HTF-PVA. Three independent experiments were performed for each strain. Number of oocytes examined: C57BL/6, n = 354; BALB/c, n = 512; DBA/2, n = 384; C3H, n = 336. *P < 0.05. (C) Scatter plot of two parameters indicated in (A) and (B). Correlation coefficient, 0.833. (D) Scatter plot of two parameters from eight individual CD-1 male mice. Sperm were independently collected from eight mice and incubated in HTF-PVA for 120 min, used to inseminate CD-1 oocytes in the HTF-PVA, and then, the fertilization rate was calculated. At the same time, GM1 movement was examined in each mouse. More than 60 sperm or 50 embryos were examined for each individual. Correlation coefficient, 0.903.
Genes to Cells (2017) 22, 493-500
Statistical analysis
All results for statistical analyses, including actual numbers of samples, are displayed in Table S1 in Supporting Information. Differences between two groups were analyzed by the t-test, or the correlation coefficient between two parameters was calculated using MICROSOFT EXCEL software. Statistical significance was defined as *P < 0.05.
Supporting Information
Additional Supporting Information may be found online in the supporting information tab for this article: Figure S1 Representative GM1 staining appearances. 
